The congenital long QT syndrome is a cardiac disease characterized by an increased susceptibility to ventricular arrhythmias. The clinical hallmark is a prolongation of the QT interval, which reflects a delay in repolarization caused by mutations in cardiac ion channel genes. Mutations in the HERG (human ether-à -go-go-related gene KCNH2 can cause a reduction in I Kr , one of the currents responsible for cardiac repolarization. We describe the identification and characterization of a novel missense mutation T65P in the PAS (Per-Arnt-Sim) domain of HERG, resulting in defective trafficking of the protein to the cell membrane. Defective folding of the mutant protein could be restored by decreased cell incubation temperature and pharmacologically by cisapride and E-4031. When trafficking was restored by growing cells at 27°C, the kinetics of the mutated channel resembled that of wildtype channels although the rate of activation, deactivation, and recovery from inactivation were accelerated. No positive evidence for the formation of heterotetramers was obtained by co-expression of wild-type with mutant subunits at 37°C. As a consequence the clinical symptoms may be explained rather by haploinsufficiency than by dominant negative effects. This study is the first to relate a PAS domain mutation in HERG to a trafficking deficiency at body temperature, apart from effects on channel deactivation.
1 is a disorder of the electrical system of the heart. The disorder manifests itself by a prolonged QT interval on the electrocardiogram and by a propensity for tachyarrhythmias causing syncopes and sudden death (1) . The HERG (human ether-à -go-go-related gene) KCNH2, encoding the ␣-subunit of the voltage-gated potassium channel HERG, is one of five genes linked to this disease. The HERG potassium channel has been shown to encode the ␣-subunits of the cardiac rapidly activating, delayed rectifying current I Kr (2) , which plays an important role in the repolarization of the cardiac action potential (3, 4) . Although the role of other factors contributing to I Kr current, such as KCNH2 splice variants (5-7) and interacting ␤-subunits (8) , is still under investigation, it is clear that mutations in the KCNH2 gene are one of the most common causes of congenital LQTS. In most cases these mutations reduce the outward potassium current during repolarization and thus lengthen the action potential duration, which increases the risk of ventricular arrhythmia (9) .
More than one hundred different mutations in the KCNH2 gene have been described for cLQTS families including frameshifts, deletions, insertions, and missense and nonsense mutations (10, 11) . There is a great deal of genetic evidence that the mutations identified are the cause of the disease in the different families; however, in many cases the molecular mechanism by which channel function is disrupted has not been identified unequivocally. Thus far, all except one (12) of the mutant HERG channels characterized cause a net reduction in outward potassium current during repolarization through loss of function. The latter may result from different mechanisms including non-functionality (13, 14) , altered gating properties (15) (16) (17) , or abnormal trafficking from the endoplasmic reticulum (ER) to the cell membrane (18 -22) . Especially this last category of mutants has become a focus of interest recently, because such mutant subunits may display WT properties once they are inserted in the cell membrane. Defective protein processing has been described for other congenital human diseases, including cystic fibrosis and nephrogenic diabetes insipidus (23) (24) (25) . In these diseases, the mutation causes very subtle differences in protein folding that lead to ER retention. However, lower cell incubation temperatures or chemical chaperones could restore trafficking in these cases.
Thus far, six trafficking-deficient mutations have been described in the KCNH2 gene (see Fig. 1 and Refs. 18 -22) . These mutations reside in different regions of the HERG protein and seem to determine temperature-or chemical chaperone-dependent rescue. For example, trafficking of mutant channels G601S, N470D, and R752W (19 -21) was restored by lower incubation temperatures, but only G601S and N470D channels were restored by chemical chaperones. A561V (22) was not rescued by either temperature or chemical chaperones and even expressed a dominant negative effect on wild-type current.
In this study, we describe the identification of a novel missense mutation 193A3 C in exon 2 of the KCNH2 gene in a case of congenital long QT syndrome. This mutation is located in the N-terminal PAS (Per-Arnt-Sim) domain of the HERG protein and leads to amino acid substitution T65P (threonine to proline). Previous studies have focused on this N-terminal PAS domain, because it may interact with the S4-S5 linker, thereby controlling channel deactivation (15, 26) . Using functional analysis, we demonstrate that the T65P HERG protein also displayed an accelerated deactivation but only if it was transported to the cell membrane. The primary dysfunction of the T65P mutation was a trafficking deficiency and therefore may provide new information on additional functions of this protein domain.
EXPERIMENTAL PROCEDURES
Study Subjects-The pedigree of the Caucasian family in which the cLQTS was diagnosed is shown in Fig. 3A . Five of the family members (subjects 1, 2, 3, 4, and 6) are being treated with ␤-blockers because of a prolonged QT interval. Subject 2 has suffered from a cardiovascular collapse at the age of 25 but was successfully resuscitated. Apart from an aberrant electrocardiogram pattern (sinus tachycardia, diffuse repolarization disturbances) subject 3 is asymptomatic. Because of the abnormal electrocardiogram pattern and the highly extended QT intervals, subject 4 and her daughter (subject 6) are being treated with ␤-blockers. Moreover, subject 6 suffered numerous syncopic episodes in the past. Subject 5 died suddenly at the age of 31 shortly after the start of an antibiotic treatment for otitis, which is highly suggestive for drug-induced LQTS. Subject 7, a sister of subject 1, has died suddenly at the age of 42 years. Finally, no information is available for two additional sisters of subject 1. Informed consent for genetic analysis was given prior to the collection of blood samples for DNA extraction from subjects 1, 2, and 3. Samples from other family members were not available for genetic testing analysis.
Screening of cLQTS Genes-The DNA of subject 1 was screened for all currently known long QT genes, KCNQ1 (LQT1, KvLQT1), KCNH2 (LQT2, HERG), SCN5A (LQT3, SCN5A), KCNE1 (LQT5, MinK), and KCNE2 (LQT6, MiRP1). PCR primers used for amplification of individual exons were described previously (8, (27) (28) (29) . PCR products were sequenced directly and aligned with the respective wild-type sequences to detect genetic variations.
Detection Assay for the T65P Mutation-A PCR-RFLP assay was designed for the detection of the identified mutation 193A3 C (T65P) in exon 2 of the KCNH2 gene (see Fig. 3 , B and C). Primers used were 5Ј-CAC-GCG-CAC-TCT-CCT-CAC-CG-3Ј (MG430; forward) and 5Ј-CGC-CCC-GGC-CCG-CTC-CTA-C-3Ј (MG431; reverse). The PCR mix of 30 l consisted of 1ϫ PCR buffer II, 200 nM dNTPs, 1.5 mM MgCl 2 , 250 nM of each primer, 0.75 units of AmpliTaq Gold polymerase, and ϳ100 ng of genomic DNA. PCR conditions were 95°C for 10 min, 35 cycles of 95°C (45 s), 60°C (45 s), 72°C (45 s), and a final extension step of 72°C for 10 min. The resulting PCR product of 278 bp was digested with restriction enzyme BspMI. A control group of 90 anonymous, healthy volunteers (180 alleles) was screened with the PCR-RFLP test for the T65P mutation.
Site-directed Mutagenesis and Constructs-The wild-type HERG/pcDNA3 (HERG-WT) expression construct was kindly donated by Dr. Craig January and Dr. Zhengfeng Zhou (University of WisconsinMadison). Mutant T65P-HERG/pcDNA3 (HERG-T65P) was created using the GeneEditor TM in vitro site-directed mutagenesis system (Promega) according to the manufacturer's instructions. Primer 5Ј-AGT-C-GC-AGG-GGC-AGG-GTC-G-3Ј was used as the synthetic oligonucleotide to create the mutant HERG cDNA (mutation is bold and underlined). The introduction of mutation 193A 3 C (T65P) in the wild-type HERG cDNA was verified by direct sequencing. Wild-type (WT-G-FP) and mutant T65P HERG cDNA (T65P-GFP) were subcloned downstream of the coding region of a GFP in expression vector pcDNA3.1_NT_GFP (Invitrogen) using restriction sites KpNI and EcoRI. The ATG start codon of the KCNH2 cDNA was 24 bp downstream of the final GFP codon. The complete sequence of the constructs, encoding the in-frame fusion GFP-HERG protein, was verified using direct sequencing.
Stable Transfection of WT and T65P Constructs in HEK293 Cells-HEK293 were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1% L-glutamine/penicillin/streptomycin, and 1% non-essential amino acids under a 5% CO 2 atmosphere. HEK293 cells were transfected stably with FUGENE transfection reagent (Roche Molecular Biochemicals) according to the manufacturer's instructions. Between five and ten HERG WT/pcDNA3 or HERG T65P/pcDNA3 stable cell lines were selected by their G-418 resistance, and the level of HERG protein expression was determined by Western blot analysis using a HERG-specific antibody (Alomone Laboratories, Jerusalem, Israel). Cell lines with the highest HERG protein expression were used for follow-up experiments.
Western Blot Analysis-Membrane protein preparation and Western blot analysis were performed as described previously (30) . Membrane proteins isolated from the stable cell lines, cultured at 37°C, were subjected to 4 -12% SDS-polyacrylamide gel electrophoresis and were transferred electrophoretically onto polyvinylidene difluoride membranes. The membranes were incubated overnight at 4°C with anti-HERG antibody at the recommended dilution. Membranes were incubated with horseradish peroxidase-conjugated donkey anti-rabbit antibody, and horseradish peroxidase-bound protein was detected with an ECLϩPlus detection kit (Amersham Biosciences).
To study defects in biosynthetic processing of the T65P mutant protein, Western blot procedures were repeated at an incubation temperature of 27°C. The effects of channel blocking agents cisapride and E-4031 on HERG protein trafficking were studied at 37°C in a concentration range between 0 and 10 M.
Confocal Imaging-HEK293 cells were cultivated as described in the previous section but on cover slips. HEK293 cells were transiently transfected with 0.5 g of either WT-GFP or T65P-GFP constructs. In addition, 0.1 g of a red fluorescent marker for the endoplasmic reticulum (DsRed-ER) was cotransfected to distinguish between ER-retained and membrane-bound proteins (31) . Confocal images were obtained 48 h after transfection on a Zeiss CLSM 510, equipped with an argon laser for the visualization of GFP-and DsRed-tagged proteins.
Whole Cell Current Recordings and Data Analysis-HEK293 cells were cultured at 37 or at 27°C when indicated. Current recordings were made with an Axopatch-200B amplifier (Axon Instruments, Union City, CA) in the whole cell configuration using suction pipettes as described previously (32) . Glass patch pipettes were pulled with a P2000 laser puller (Sutter Instruments, Novato, CA) from 1.2-mm Starbore borosilicate glass (Radnoti, Monrovia, CA) and had resistances between 1.5 and 3.5 megohms. All currents were recorded at room temperature (20 -22°C) and were sampled at 1 to 10 kHz with a Digidata 1200A data acquisition system (Axon Instruments) after appropriate low pass filtering. Command voltages and data storage were controlled with pClamp8 software (Axon Instruments). Cells were perfused with HEPES-buffered Tyrode's solution containing 145 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.35 with NaOH). The internal pipette solution contained 110 mM KCl, 2 mM MgCl 2 , 5 mM K 2 ATP, 5 mM K 4 N, NЈ-(1,2-ethanediylbis(oxy-2,1-phenylene))bis(N-(carboxymethyl)), tetrapotassium salt, and 10 mM HEPES (pH 7.2 with KOH). After seal formation and establishing the whole cell configuration, the access resistance varied between 2.5 and 8 megohms. Series resistance was compensated to ensure that voltage errors were Ͻ5 mV. No leak subtraction was applied, and the holding potential was Ϫ80 mV unless noted otherwise.
The voltage protocols are presented in the figure legends. The voltage dependence of channel activation was fitted with a Boltzmann equation
Shown is a representation of a single HERG protein subunit with six transmembrane domains (S1-S6), the pore region between S5 and S6, and the intracellular N-and C-terminal ends. Black dots indicate reported trafficking-deficient mutations. The novel T65P mutation described in this study is marked with a black square. Numbers in parentheses in the figure refer to references.
voltage at which 50% of the channels are open, and k represents the slope factor. Activation, deactivation, and recovery from inactivation kinetics were fitted with a single or double exponential function using a non-linear least squares (Gauss-Newton) algorithm. Data are presented as mean Ϯ S.E., and the Student's t test was used for statistical analysis; n represents the number of cells.
RESULTS
Screening of Long QT Genes-Mutation screening by direct sequencing revealed a novel mutation in exon 2 of the KCNH2 gene in the DNA of subject 1. This missense mutation, changing base pair 193 from A to C, leads to an amino acid change from a threonine to a proline (T65P) and is located in the N-terminal PAS domain of the KCNH2 gene (see Fig. 1 and Fig. 2) .
A PCR-RFLP assay was developed, based on the loss of recognition site by restriction enzyme BspMI because of the mutation. In the presence of the 193A 3 C (T65P) mutation, a recognition site for restriction enzyme BspMI is lost and results in a 278-bp product. In the absence of the mutation, the PCR product is cut in two fragments of 155 and 123 bp, respectively. All three available LQTS family members (subjects 1, 2, and 3) were found to be heterozygous carriers of this mutation (Fig. 3) , whereas the mutation was not found in a control population of 90 healthy unrelated volunteers.
Western Blot Analysis-It has been shown previously that expression of the wild-type HERG protein in HEK293 cells results in two distinct bands on Western blot analysis; the upper band of 155 kDa represents the complexly glycosylated mature form of the HERG channel inserted in the cell membrane whereas the lower band (135 kDa) represents the immature core-glycosylated form of the HERG channel retained in the ER (30) . Upon Western blot analysis, the T65P protein incubated at 37°C for 24 h resulted only in the lower 135-kDa band, whereas the wild-type protein resulted in both bands (Fig. 4A) . However, the mature 155-kDa band was detected after a decrease in incubation temperature to 27°C for at least 24 h (Fig. 4A) , indicating that trafficking was restored. The stable HERG T65P cell line was also incubated with 2, 5, and 10 M HERG channel blocking agents cisapride and E-4031. Both agents were able to restore trafficking of the T65P protein in a concentration-dependent manner (Fig. 4B) , as assessed from the appearance of the 155-kDa protein.
Confocal Microscopy-To confirm Western blotting results, GFP was tagged to the N terminus of HERG subunits and expressed in HEK293 cells. Subcellular trafficking of WT-GFP and T65P-GFP was investigated after incubation for 48 h at 37 or 27°C. A red fluorescent endoplasmic reticulum (DsRed-ER) vector was co-transfected to distinguish between HERG protein retained in the ER and membrane-bound HERG proteins. Confocal images (Fig. 5) clearly show the presence of WT channels in the plasma membrane (Fig. 5, A and B) , as well as in the ER (37°C), whereas the T65P mutant protein (37°C) was present exclusively in the ER (Fig. 5, C and D) . Upon incubation at 27°C, however, trafficking of mutant T65P HERG protein was restored, and the protein was incorporated in the cell membrane, as evidenced by the selective green fluorescence at the level of the plasma membrane (Fig. 5, E and F) .
Biophysical Properties of WT and T65P Channels-Because Western blot analysis and confocal imaging suggested dysfunctional trafficking of T65P mutant to the cell membrane, we performed whole cell patch clamp recordings on stable WT and T65P cells to study the functional expression. Fig. 6 shows representative current recordings for WT and T65P channels. T65P stable cells only generated small currents (Fig. 6C) as compared with WT stable cells after incubation at 37°C. Incubating T65P cells at 27°C for 24 h increased T65P current density significantly (Fig. 6D) , suggesting temperaturedependent trafficking of T65P proteins. The voltage dependence of activation was determined for WT and T65P channels (grown at 37 and 27°C) by plotting the maximum tail current amplitude at Ϫ40 mV (Fig. 6 ) as a function of the prepulse voltage. These data were fit with a Boltzmann function, which revealed no significant differences in the mid-point potential (V1 ⁄2 ) and slope factor (k) between WT and T65P channels (Fig. 7A) .
To determine the time constants of activation, deactivation, and recovery from inactivation, current traces were fit with a single or double exponential function as appropriate. The kinetics for T65P cells grown at 27°C were analyzed over the whole voltage range, whereas for cells grown at 37°C the current amplitudes were too small for full analysis. At voltages resulting in the highest current amplitudes, the current kinetics of T65P cells grown at 37°C were comparable with the kinetics of T65P cells grown at 27°C (data not shown). Time constants for activation and deactivation are presented in Fig.  7C . T65P channels (27°C) activated and deactivated faster than WT channels. The time constants for recovery from inactivation are presented in Fig. 7D . Recovery from inactivation was also faster for T65P channels than WT channels.
Co-expression of WT and mutant T65P was performed by transient transfection of the T65P-pcDNA3 construct on the WT stable cell line. Maximum tail current amplitudes, as obtained according to the pulse protocol in Fig. 6 , were compared with maximum tail current amplitudes from stable WT cells alone. In cells grown at 37°C, no increase in HERG current density was observed whereas cells grown at 27°C displayed a significant increase in HERG current density (Fig. 8) . These results suggest that WT subunits do not interact with T65P subunits at 37°C. 
DISCUSSION
A novel cLQTS-causing mutation, T65P in the KCNH2 gene, was detected in a Caucasian LQTS family. Two sudden deaths occurred in this family indicating a high risk for development of lethal arrhythmias. Three members participating in the study were all heterozygous carriers of this mutation whereas the mutation was not detected in a control group of 90 individuals (Fig. 3) .
Previously, characterized KCNH2 mutations have been shown to cause a reduction in I Kr current in the repolarization phase of the cardiac action potential. This reduction in I Kr current can be the result of different mechanisms. Mutant channels, such as A561V, S818L, and Y667X, can cause a complete loss of function (9, 13, 33) , whereas other mutated channels can form functional channels but with altered gating kinetics (16) . Recently, a third mechanism for dysfunctional behavior of mutant HERG proteins was described involving protein trafficking (18, 19) . It was proposed that these mutations prevented correct protein folding such that these proteins fail the "quality control" and are retained in the ER.
In the present study, the Western blot analysis of the T65P mutant protein showed a single 135-kDa band, whereas WT HERG protein normally shows two bands (Fig. 4A) , the immature, core-glycosylated protein synthesized in the ER (135 kDa) and the further developed, fully glycosylated, mature protein that is incorporated in the cell membrane (155 kDa). Such aberrant trafficking was described initially for the HERG mutants Y611H and V822M by Zhou et al. (18) . A later study by the same group (20) demonstrated that defective trafficking could be restored by lowering incubation temperatures (27°C) of the cell culture or by treatment with HERG channel blocking drugs such as cisapride or E-4031. Also in the case of T65P we observed that trafficking of the mutant protein could be restored by both lower incubation temperatures and pharmacological drugs (Fig. 4B) . The latter pharmacological chaperone "rescue" of mutant HERG proteins has opened the first door towards therapy. Ficker et al. (34) demonstrated that rescue of trafficking-deficient HERG proteins can be domain-restricted and that potency of drug-related rescue was linked directly to channel block potency. However, Rajamani et al. (35) showed very recently that at least for some misprocessed HERG proteins, fexofenadine had a more that 300-fold higher affinity toward HERG channel rescue than block. In this study it appeared that only misprocessed proteins that showed small currents at 37°C could be rescued, but the ones that showed no current at all at 37°C could not. Because the T65P protein also showed small currents at 37°C, fexofenadine might also restore trafficking of this mutated channel.
Interestingly, the novel T65P mutation resides in the Nterminal end of the HERG protein, which was shown to possess a so-called PAS domain (36) . Although this domain displays large amino acid sequence diversity in several proteins, it was, however, proposed as a domain family (36, 37) . In HERG the N-terminal residues from Ser-26 to Lys-135 were crystallized FIG. 6 . Voltage clamp recordings of HERG WT and T65P channels. A, voltage protocol. HERG currents were activated by 5-s depolarizing steps between Ϫ60 and ϩ60 mV (in 10-mV increments) from a holding potential of Ϫ80 mV. Cells were clamped to Ϫ40 mV for 10 s to elicit tail currents. Shown are representative HERG currents elicited from WT stable cells after incubation at 37°C (B, n ϭ 10), T65P stable cells after incubation at 37°C (C, n ϭ 9), and T65P stable cells after incubation at 27°C (D, n ϭ 7).
FIG. 7.
Voltage dependence and kinetics of HERG WT and T65P channels. A, voltage dependence of steady-state HERG activation. Relative tail currents were derived from current recordings as shown in Fig. 5 . HERG WT and T65P (cell culture at 37 and 27°C) currents were fit with a Boltzmann function to determine midpoint of activation (V1 ⁄2 ) and slope factor (k). WT (n ϭ 10): V1 ⁄2 ϭ 2.53 Ϯ 1.47, k ϭ Ϫ7.3 Ϯ 0.13; T65P 37°C (n ϭ 9): V1 ⁄2 ϭ Ϫ1.19 Ϯ 2.39, k ϭ Ϫ7.56 Ϯ 0.36; T65P 27°C (n ϭ 7): V1 ⁄2 ϭ Ϫ0.57 Ϯ 2.82, k ϭ Ϫ7.73 Ϯ 0.32. B, pulse protocol eliciting deactivating tail currents. HERG channels were activated fully by a 1-s prepulse to ϩ50 mV and then clamped to voltages between 0 and Ϫ120 mV in 10-mV increments for 4 s. C, time constants of current activation were determined by fitting activating currents between Ϫ20 and 60 mV as shown in Fig. 5 to a single exponential function. Slow and fast components of current deactivation were determined by fitting deactivating tail currents (as in B) to a double exponential function. D, time constant for recovery from inactivation was determined by fitting the first 15 ms after the 1-s activating pulse (as in B) to a single exponential function.
FIG. 8. Co-expression of HERG WT and T65P mutant channels.
As a measure for channel density at the plasma membrane level, maximal tail amplitudes were determined from current recordings as in Fig. 5 after 24 h of transfection. Tail currents from WT and T65P cell lines, cultivated at 37 or 27°C, are shown in the first four columns. To study co-expression, 5 g of HERG-T65P was transiently transfected on the HERG-WT stable cell line (fifth and sixth columns). After transfection, cells were incubated either at 37 or 27°C. Error bars represent mean Ϯ S.E. (26) . A database search revealed a high similarity with the three-dimensional structure of the PAS domain containing photoactive yellow protein (37) although the sequence similarity is low. The crystal structure contains five antiparallel ␤-sheet strands pressed against a long strand, composed of a coil and one turn of a 3 10 helix with three ␣-helices on the sides. The substitution of the threonine by a proline could have several consequences on HERG channels. 1) The T65P mutation is located just before the single turn of the 3 10 helix, which might affect the formation of this helix. 2) A putative hydrogen bond between the Thr-65 with Asp-67 would not be possible with the proline substitution and could destabilize the structure of the N terminus. 3) Although residue Thr-65 is located in a more or less loosely packed region of the N terminus, it cannot be excluded that steric hindrance induced by the rigid proline side chain could cause misfolding. 4) Any of the above effects could affect the local structure of the long strand. The latter, containing the 3 10 helix and Thr-65, connects the ␣-helices located at both sides of the sheet of ␤-strands. A distortion of this connector could then change the three-dimensional structure in other parts, e.g. the sheet of ␤-strands.
The PAS domain in HERG is highly conserved among species (Fig. 2) . Previously it was shown that removal of the N-terminal end, including the PAS domain, accelerates channel deactivation (38, 39) . Furthermore, splice variants that lack a part of the N-terminal domain display a faster deactivation rate (6, 7) . A similar effect on the deactivation rate was observed with mutations in the S4-S5 linker, and it was suggested that this linker and the PAS domain might interact (17, 39) as was demonstrated for eag channels (40) . Using an oocyte expression system Chen et al. (15) investigated the effects of several long QT-associated PAS domain mutations on deactivation kinetics and showed for eight mutations that HERG channel deactivation was accelerated, although to a different extent. The novel T65P mutation was analyzed with a mammalian expression system at 37°C and also revealed some accelerating effect on channel deactivation, but we consider this effect of secondary importance compared with the trafficking deficiency displayed by the T65P mutant protein. Chen et al. (15) did not report trafficking deficiency in their study as the typical low incubation temperature of oocytes might have concealed trafficking deficiency. It is therefore conceivable that some of these eight mutant proteins may be deficient in trafficking at 37°C. This hypothesis is supported by the results of Ficker et al. (21) , who showed large currents for a trafficking-deficient HERG protein (R752W) in the oocyte expression system as compared with the lack of current in the mammalian expression system.
A functional HERG channel is composed of four ␣-subunit proteins, encoded by the KCNH2 gene, forming a tetramer. Most LQTS patients have the dominant Romano-Ward form, inheriting one wild-type allele and one mutant allele. Therefore, the best approach to mimic the phenotypic result of the genetic profile of these patients is the study of co-expression of WT cDNA with mutant cDNA. In some cases the ability of mutant HERG proteins to form heterotetramers with wild-type subunits is lost, leading to haploinsufficiency. In other cases, interaction of WT subunits with mutant subunits leads to alterations in the biophysical properties or amplitude of the assembled ion channel, causing a dominant negative effect. Although the gating kinetics of T65P channels were slightly different from WT channels, it is most likely that the prolonged QT interval is caused by a reduction of I Kr by ER retention of the T65P subunits. The co-expression of T65P with WT subunits at 37°C, mimicking the actual genotype of the patients, showed no significant differences in current density or kinetics as compared with WT expression alone (Fig. 8) . This result indicates that T65P and WT subunits do not form heterotetramers; indeed, a decreased current density should have been observed upon ER retention of heterotetramers of WT and T65P, or an increased current density should have been observed upon incorporation in the cell membrane of these heterotetramers. Whether the increased current density of cotransfected WT and T65P subunits at 27°C is caused by heterotetramers or separate WT and T65P homotetramers remains to be investigated.
In summary, genetic analysis revealed a novel mutation (T65P), located in the PAS domain of HERG, that causes trafficking deficiency of the protein and leads clinically to the long QT syndrome. This study suggests that a correctly folded PAS domain has a major role in proper trafficking of the (tetrameric) channel complex. Furthermore, these results indicate that analysis of KCNH2 mutations in oocytes may at best be insufficient to delineate all possible molecular mechanisms by which the mutation can cause the disease.
